Lactating gerbils had higher thermal conductance of the fur, and lower UCP-1 levels in brown 42 adipose tissue than non-reproductive gerbils, independent of ambient temperature, suggesting they 43 were attempting to avoid heat stress. Thermal conductance of the fur was positively related to 44 circulating prolactin levels. We implanted non-reproductive gerbils with mini-osmotic pumps that 45 delivered either prolactin or saline. Prolactin did not influence thermal conductance of the fur, but 46 did reduce physical activity and UCP-1 levels in BAT. Transferring lactating gerbils from warm to 47 hot conditions resulted in reduced milk production, consistent with the heat dissipation limit 48 theory, but transferring them from warm to cold conditions did not elevate milk production, 49 consistent with peripheral limitation hypothesis or constraints on pup growth. 
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Introduction 62 removing half the mammary glands of Swiss-Webster mice did not result in an elevation of milk 92 production in the remaining glands suggesting mammary gland performance may impose the limit 93 (Hammond et al 1996) . Moreover, shaving this strain of mouse at peak lactation resulted in 94 elevated food intake but not a significantly greater milk production (Zhao and animals, but to different extents, and they suggested different limits are likely to come into play 102 under different conditions in different species, and hence acceptance or rejection of the two 103 theories (peripheral limitation and heat dissipation limitation) will depend on whether the species 104 in question has a high, medium or low maximal milk production capacity, compared with a high, 105 medium or low maximal heat dissipation capacity, and exactly what experimental protocol is used 106 to test between them. 107
Mongolian gerbils (Meriones unguiculatus) are small seasonally breeding, non-hibernating, 108 granivorous rodents which are distributed in the desert and semi-arid regions of Mongolia and 109
Northern China (Walker, 1968) . They experience marked seasonal fluctuations in environmental 110 temperatures. The average shade temperature in the short summer is 18.8 o C, and the average 111 temperature in the winter, which lasts about 6-7 months, is -22. Mongolian gerbils during lactation, as suggested by the framework mentioned above. 124
To assess whether the limits to SusEI are imposed by the capacity to dissipate heat or by the 125 milk production capacity, we placed lactating Mongolian gerbils with their litters at 10°C, 21°C or 126 30°C on the day 1 after parturition. Meanwhile, non-reproductive Mongolian gerbils acclimated to 127 the three ambient temperatures were also studied. We anticipated three possible scenarios for the 128 experimental outcomes following the model presented in Speakman and Krol (2011a 
Experimental design 153
Sixty-six virgin female Mongolian gerbils were paired with males for 15 days at 21 ± 1 o C. 154
The males were then removed. Pregnant gerbils (n = 36) were checked twice each day to 155 determine the day of parturition (day 0 of lactation). On the day 1 after parturition, all the lactating 156 females were randomly allocated to three temperatures: 10 ± 1 o C (cold temperature and lactation, 157 CL, n = 13), 21 ± 1 o C (warm temperature and lactation WL, n=11) and 30 ± 1 o C (high temperature  158 and lactation, HL, n =12). These three groups were balanced for female body mass and litter size. 159
Natal litter sizes were maintained. The mean litter sizes at CL, WL and HL were 6.0 ± 0.4, 6.5 ± 160 0.3 and 6.1 ± 0.4, respectively. Animals that did not get pregnant were used as non-reproductive 161 controls and were allocated to the three temperatures for 22 days acclimation (cold temperature 162 and no reproduction, CN, n = 10; warm temperature and no reproduction, WN, n = 10; high 163 temperature and no reproduction, HN, n = 10), and these three groups were also balanced for body 164
mass. 165
Body mass, food intake and reproductive performance 166 Body mass, food intake, litter mass (± 0.1 g) and litter size were recorded between 15:00 and 167 17:00 every day. Measurements of metabolizable energy intake (MEI) were made on days 14-16 168 of lactation or on days 19-21 of temperature treatment for non-reproductive gerbils. Faeces during 169 this period were collected. The energy density of food and faeces was determined by Parr 1281 170 oxygen bomb calorimetry (Parr Instruments, Moline, IL, USA); gross energy intake (GEI, kJ 171 day -1 ), digestible energy intake (DEI, kJ day -1 ) were calculated as follows (Grodzinski and Wunder, 172 GEI = dry food intake × food energy density, 174 DEI = GEI -dry faeces mass ×faeces energy density, 175
Where dry food intake and dry faeces mass are in g day -1 , and energy density is in kJ g -1
. 176
Measurements of MEI were estimated as the DEI assuming that urinary energy loss was 2% (Liu 177 et al., 2002 (Nagy, 197 1983 ) and water from the resulting distillate was used to produce CO 2 (Speakman et al., 1990) Micromass, Manchester, UK). We ran three high-enrichment standards each day alongside the 201 samples and corrected all the raw data to these standards (Meijer et al., 2000) . Energy equivalents for the rate of CO 2 production were calculated using a conversion factor of 212 24.026 J.ml -1 CO 2 , derived from the Weir equation (Weir, 1949 ) for a respiratory quotient of 0.85 213 (Speakman, 1997) . 214
Milk energy output 215 of lactation. At this stage there was still a large difference in maternal energy intake among the 218 three temperature treatment groups. We therefore assumed the difference in milk production we 219 measured was reflective of a difference throughout the entire peak lactation period. 220
Metabolic trials 221
Resting metabolic rate (RMR) was quantified as the rate of oxygen consumption, using an 222 open-flow respirometry system (TSE LabMaster system, Germany) at 30 o C. All the gerbils were 223 kept at 25 o C for 2 h before each metabolic measurement to reduce the effect of the large 224 temperature change between the housing and measurement conditions. Body mass was weighed 225 before each metabolic measurement. In brief, animal was placed in a transparent plastic chamber 226 x is temperature monitored during the temperature decreasing course. The slope calculated for 243 these transformed data was defined as thermal conductance (after Zhao et al., 2013b) . 244
Prolactin 245
Trunk blood was collected at sacrifice, and the blood samples were allowed to clot for 30 min 246 at 4 o C. The serum was separated from each blood sample by centrifugation at 4 o C for 30 min at 247 1500 ×g and stored at −80°C. Serum prolactin levels were quantified by radio immunoassay using 248 RIA kits (Beijing North Institute of Biological Technology, Beijing, China). Intra-and inter-assay 249 coefficients of variation were 4.3% and 7.6%. 250
Body composition 251
Gerbils were dissected and the following organs and tissues were weighed wet: interscapular 252 brown adipose tissue (iBAT), heart, liver, lung, kidneys, digestive tract (stomach, small intestine, 253 caecum and colon) with and without contents, mammary gland, ovary and uterus together as 254 gonad. Tissues were weighed (± 0.001 g) using a digital balance (Sartorius, Göttingen, Germany). 255
Total body fat was extracted from the dried carcass by petroleum ether extraction in a Soxhlet 256
apparatus. 257
Experiment 2: Effect of prolactin infusion on food intake, body mass, thermal conductance 258 of the fur, UCP1 expression in iBAT, body temperature (Tb) and physical activity levels. 259
Experimental design 260
Fifteen female Mongolian gerbils were used in experiment 2 and randomly divided into two 261 groups, saline group (n =8) and prolactin-treated group (n = 7). Body mass and food intake were 262 measured every day during the course of the experiment. After 7 days of baseline measurement, 263 female gerbils were infused with ovine prolactin (L6520, Sigma-Aldrich, USA) dissolved in saline 264 or saline alone using miniosmotic pumps (Alzet model 2002, volume, 200 µl; release rate, 0.5 µl/h; 265 Durect, Cupertino, CA) for two weeks. The prolactin infusion rate was 90 IU/kg/day. Female 266 gerbils were anesthetized with pentobarbital sodium (ca. 30 mg kg -1 ), and the pump was implanted 267 subcutaneously on the dorsal side. At the end of the experiment all gerbils were sacrificed, trunk 268 blood was collected, and the blood samples were allowed to clot for 30 min at 4 o C, and serum was 269 separated from each blood sample by centrifugation at 4 o C for 30 min at 1500 ×g and stored at 270 −80°C until assayed for prolactin (as described above for experiment 1). The iBAT was 271 immediately removed and dissected, weighed, and stored at −80°C until assayed for uncoupling 272 protein 1 (UCP1), and the pelage was removed and stored at 4 o C until assayed for thermal 273 conductance as described above (1-3 days). The following organs and tissues were dissected: heart, 274 liver, lung, kidneys, digestive tract (stomach, small intestine, caecum and colon) with or without 275 contents, and body fat (including subcutaneous, inguinal, retroperitoneal and mesenteric fat pads). 276
These were weighed to obtain the wet mass (± 0.001 g, digital balance; Sartorius, Göttingen, 277 Germany). 278
Body temperature and physical activity 279
Two weeks before the experiment started six gerbils (3 in the PBS group and 3 in the 280 prolactin group) were anaesthetized by pentobarbital sodium (ca. 30 mg kg -1 ), and they were 281 implanted intraperitoneally with a transmitter (15.5 mm × 6.5 mm; 1.1 g) (Mini Mitter Model G2 282 in a 75% by volume alcohol solution for 30 min. After 1 week recovery, core body temperature 284 and physical activity were recorded telemetrically from the transmitter implanted in the abdomen. 285
Individual cages were placed on receiver boards (Mini Mitter, Model ER-4000). All the receivers 286 were connected to a computer with the VitalView software. Records of core body temperature and 287 physical activity were collected at 15 second intervals throughout the experiment. 288
Measurement of UCP1 content in iBAT 289
Frozen iBAT was homogenized on ice in RIPA buffer supplemented with anti-protease agents 290
(1 mM DTT, 1 mM PMSF, 0.1 mM EDTA, 1:1,000 Protease Inhibitor Cocktails (sigma)), and the 291 homogenate was centrifuged at 4 o C at 16,200 ×g for 10 min to get the whole protein of the tissue. 292
Protein concentrations were determined using the Lowry assay. 293 40 μg of extracted protein was loaded and separated in a discontinuous SDS-polyacylamide gel, 294
and then was transferred to PVDF membranes, which was incubated with the bovine serum 295 albumin (BSA) solution over a night at 4 o C. UCP1 and actin were detected using antibodies 296 against UCP1 (Abcam) and Bata-actin (ZSGB-BIO), respectively. Then the secondary antibody 297 peroxidase-conjugated goat anti-rabbit IgG and goat anti-mouse IgG were added. Enhanced 298 chemoluminescence (ECL; Amersham Biosciences) was used for detection. Film images were 299 scanned (Bio-Rad) and results were quantified with ImageJ software (NIH). 300
Statistics 301

Experiment 1 and Experiment 2 302
Data are reported as means ± s.e.m. and were analysed using SPSS 13.0 software (SPSS 1988, 303 Chicago, IL, USA). Prior to all statistical analysis, data were examined for normality and 304 experiment 1, maternal body mass, food intake, litter mass and pup body mass were analysed 306 using two-way repeated measures ANOVA, with temperature and day of lactation as factors. 307
When the effect of ambient temperature or the interaction 'temperature × day' was significant, 308 one-way ANOVA was used to determine differences between the groups within each day followed 309 by Tukey's post hoc comparisons. MEI, DEE, RMR, serum prolactin levels and thermal 310 conductance were analysed using two-way ANOVA followed by Tukey's post hoc comparisons, 311 with temperature and lactation as factors. Group differences in body compositions were analyzed 312 by a two-way ANCOVA with body mass as covariate followed by the Tukey's post hoc 313 comparisons. In experiment 2, Body mass, food intake, were analysed using two-way repeated 314 measures ANOVA, with prolactin treatment and time as factors. For the core body temperature 315 and physical activity analysis we used the software package MINITAB (ver 16). We averaged 316 body temperature and physical activity counts over hourly periods between days 9 and 15 of 317 infusion and then analysed these hourly data using a general linear model with infusion day (9 to 318 15), time of day (0 to 23) and prolactin treatment as fixed factors and individual ID as factor 319 nested within group to account for repeated measurements. Since we have shown previously that 320 physical activity causes an increase in body temperature (Gamo et al., 2013) we included physical 321 activity as a covariate in the analysis of body temperature differences. Higher level interactions 322
were included. The model was simplified by removing non-significant interactions and factors, 323 and comparisons were made using Tukey's post-hoc comparisons. Serum prolactin levels, thermal 324 conductance and UCP1 content were analysed using independent t tests. Group differences in 325 body compositions were analyzed by a one-way ANCOVA with body mass as covariate followed 326 by the Tukey's post hoc comparisons. Finally, the Pearson correlation coefficient was calculated to 327 determine the correlation between serum prolactin levels and thermal conductance. P<0.05 was 328 considered to be statistically significant. 329
330
Results
331
Experiment 1 332
Body mass and food intake 333
The body mass of lactating gerbils allocated to cold, warm and hot temperature groups are 334 shown in Table 1 . Body mass did not vary significantly with temperature, but varied across days 335 of lactation and did so in different ways at each temperature (Fig 1A, two- and hot temperature groups are also shown in Table 1 . Food intake was significantly increased 339 by lower ambient temperature and varied with day of lactation (Fig 1B, two-way repeated  340 measures ANOVA; temperature, F 2,33 = 47.4, P < 0.001; day, F 17,561 = 54.2, P < 0.001; interaction 341 temperature × day, F 34,594 = 8.4, P < 0.001). The significant interaction indicated that the effect of 342 day on food intake was significantly different at the different ambient temperatures. During 343 lactation food intake increased over the first 9 days but then reached a plateau between days 9 and 344 14. Thereafter the intake declined in the cold lactating group, although intakes remained elevated 345 in the other 2 groups until weaning at day 18. 346
The body mass of non-reproductive gerbils allocated to cold, warm and hot temperature 347 groups are shown in table 1. Body mass was not affected by temperature treatment, but affected by 348 the days of experiment (Fig 1A, two-way repeated measures ANOVA; temperature, F 2,27 = 0.4, P = 349 0.708; day, F 23,621 = 5.2, P < 0.001; interaction temperature × day, F 46,594 = 1.0, P = 0.420). The 350 mean food intake of non-reproductive gerbils allocated to cold, warm and hot temperature groups 351 are also shown in Table 1 . Food intake was significantly increased by lower ambient temperature 352 and varied with day (Fig 1B, two- 
Metabolizable energy intake, daily energy expenditure and resting metabolic rate 357
On days 14-16 of lactation, the total maternal mean MEI of lactating gerbils allocated to cold, 358 warm and hot temperatures are shown in Table 1 . The MEI was significantly increased by both 359 lactation and decreased ambient temperature ( Fig. 2A, two- . Results of the DLW measurements are presented in Table  364 2. The DEE was significantly increased by both lactation and lower ambient temperature 365 
Milk energy output and reproductive performance 372
On average, lactating gerbils allocated to the high temperature group exported significantly 373 less energy as milk at peak lactation than those allocated to cold or warm temperatures ( Fig. 2A,  374 one-way ANOVA; temperature, F 2,31 = 3.7, P = 0.038). At the end of lactation, mean litter size at 375 CL, WL and HL was 5.6 ± 0.4, 6.3 ± 0.3 and 6.0 ± 0.4, respectively, and it was not significantly 376 affected by the temperature treatment (one-way ANOVA; temperature, F 2,33 = 1.1, P = 0.354). 377
Litter mass was significantly affected by the day of experiment and temperature treatment (Fig. 2B,  378 two-way repeated measures ANOVA; temperature, F 2,33 = 7.5, P = 0.002; day, further growth after day 14. Pup body mass was not affected by temperature treatment, but varied 384 across days of lactation (Fig. 3C , two-way repeated measures ANOVA; temperature, F 2,33 = 2.3, P 385 = 0.117; day, F 18,594 = 768.9, P < 0.001; interaction temperature × day, F 36,594 = 4.5, P < 0.001). 386
The significant interaction reflected the fact that in the same way as for litter mass individual pups 387 in the cold temperature failed to grow after day 14, while those in the other 2 groups continued to 388 grow until weaned on day 18. 389
Prolactin and thermal conductance 390
Lactating gerbils had higher serum prolactin levels (Fig. 3A , two-way ANOVA; lactation, 391 F 1,57 = 481.9, P < 0.001; temperature, F 2,57 = 0.3, P = 0.782; interaction lactation × temperature, 392 F 2,60 = 1.3, P = 0.277) than non-reproductive gerbils regardless of temperature treatment. Across 395 all individuals there was a positive correlation between prolactin and thermal conductance (Fig.  396   3C , r = 0.548, P < 0.001). 397
Body composition 398
iBAT, heart, liver, kidneys, gonads, and digestive tract (stomach, small intestine, cecum and 399 colon) with or without content and body fat (except lung and carcass) were significantly affected 400 by lactation (Table 3) . Only iBAT, heart, liver, kidneys, body fat and digestive tract with or 401 without content (except stomach with content, colon without content and carcass) were 402 significantly affected by ambient temperature. There was a significant interaction between 403 lactation and ambient temperature on cecum and colon with content, and stomach, small intestine 404 and caecum without content showing the effect of lactation was not constant at the different 405 temperatures. . 406
Experiment 2 407
Serum prolactin levels 408 Gerbils in prolactin group had higher serum prolactin levels than those in saline group (Fig. 5,  409 
P < 0.001). 410
Thermal conductance and UCP1 content 411
Prolactin treatment had no effect on thermal conductance (Fig. S1 , P = 0.6) and at the 412 individual level there was no correlation between prolactin and thermal conductance (Fig. S2) . 413 UCP1 content in iBAT in the prolactin group was significantly lower than that in the saline group 414 (Fig. 5 , P = 0.05) although the effect was right on the borderline of significance.
Body mass (Fig. S3 , two-way repeated measures ANOVA; PRL, F 1,13 = 0.604, P = 0.451; day, 417 F 13,169 = 1.391, P = 0.168; interaction PRL × day, F 13,169 = 1.455, P < 0.139) and food intake (Fig.  418 S4, two-way repeated measures ANCOVA; PRL, F 1,9 = 0.005, P = 0.947; day, F 11,99 = 0.836, P = 419 0.604; interaction PRL × day, F 11,99 = 0.645, P = 0.786) were not affected by prolactin treatment. 420
All body compositions (Table S1 ) were also not affected by prolactin treatment. 421
Body temperature and physical activity 422
Before prolactin treatment, no differences in body temperature and physical activity were 423 found between prolactin group and saline group (Fig. S5 , P > 0.05). Between days 9 and 15 of 424 infusion there was no significant effect of day on either body temperature (P = 0.293) or physical 425 activity (P = 0.271) and we therefore removed day from the model. For body temperature there 426 was a significant effect of time of day (Fig. 6, F were limited in milk production peripherally by the capacity of the mammary glands. Similar data 455 comparing food intake and milk production in animals transferred from 21 o C to cold temperatures 456 (5 to 11 o C) were observed in cotton rats (Rogowitz, 1998) . Also in Swiss mice, Brandt's voles, 457 and deer mice exposure to cold conditions during lactation resulted in elevated food intake, but a 458 was not measured directly in these latter studies. 461
However, another potential explanation of these data is that in the cold conditions the females 462
were capable of upregulating their milk production but did notdo so because of temperature 463 related limitations on pup growth capacity at low temperature (Simons et al., 2011; Zhao et al 464 2013a). Some data from mice raising small litters at low temperatures support the idea that pup 465 growth capacity at low ambient temperatures may be a limiting factor on female milk production 466 (Zhao et al, 2013a) . Further experimentation beyond the scope of the present study would be 467 necessary to separate between these ideas. Whatever the cause of the pattern it is clear that 468 different factors probably limit milk production in different situations and no single theory can 469 explain the entirety of the available data (Speakman and Król, 2011) . 470
Pelage insulation is a major constraint on heat loss. We have suggested that during lactation 471 females should thin their pelage to facilitate heat dissipation (Speakman and Król, 2010) . 472
Consistent with this suggestion the thermal conductance of pelage was significantly increased 473 during lactation independent of ambient temperature. Although a positive correlation between 474 pelage thermal conductance to circulating levels of prolactin in experiment 1 suggested that 475 prolactin might be involved in the regulation of pelage thermal conductance, non-lactating gerbils 476
given exogenous prolactin did not increase pelage thermal conductance (see Fig S1) . This 477 suggests that prolactin does not mediate increased pelage conductance during lactation. The 478 correlation observed between thermal conductance and prolactin titres when data were pooled 479 across the lactating and experimental groups therefore likely comes about only because prolactin 480 levels are elevated in lactation to facilitate milk production at the same time that the pelage is 481 thinned to facilitate heat loss at peak lactation. Alternatively it may be that prolactin receptor 482 populations in the epidermis are elevated in lactation making it more sensitive to circulating 483 prolactin levels. At present we cannot separate these alternatives. The mechanism by which the 484 conductance was increased is also currently unclear. We removed all subcutaneous fat before 485 making the measurements so that is unlikely to be a contributory factor, however there may be fat 486 within the epidermis that could differ between the groups, as well as thinning of the pelage. 487
Body mass and food intake were also not affected by the exogenous prolactin. This latter 488 result was inconsistent with previous work in rats which has indicated that prolactin may be part 489 of the hormonal system stimulating the lactation hyperphagia (Noel and Woodside, 1993 ; 490 responsive to both prolactin and leptin levels. Normally in lactation the reduced heat production 500 by BAT is more than compensated for by the heat production associated with milk synthesis. 501
However, in non-lactating animals, as studied in experiment 2, there is no compensatory heat 502 production from milk synthesis for the reduced iBAT activity, and hence body temperature fell. 503
The mechanism promoting greater thermal conductance of the pelage during lactation and 504 mediating the elevated food intake in these animals remains unclear. 505
Our results showed that transferring lactating gerbils from warm to hot conditions resulted in 506 reduced milk production, consistent with the HDL theory, but transferring them from warm to cold 507 conditions did not elevate milk production, consistent with peripheral limitation hypothesis (or a 508 limit on pup growth). As indicated by Speakman and Król (2011) acceptance or rejection of the 509 two theories (peripheral limitation and heat dissipation) depends on the milk production capacity, 510 compared with the heat dissipation capacity, and exactly what experimental protocol is used to test 511 between them (Speakman and Król, 2011) . 512
Thus, the key question is not whether the peripheral limitation or the HDL theory is correct, 513 but rather at which ambient temperature peripheral limits (or pup growth) become more 514 significant than heat dissipation limits. If the transitional temperatures between these controls are 515 generally lower than the ambient temperatures experienced by the animals in the wild during their 516 breeding seasons, then heat dissipation will be a more important phenomenon constraining 517 lactation. However, if the transitional temperatures are normally higher than the temperatures 518 experienced in the wild, then peripheral limits (or growth capacity) will be the more important 519 constraint. For Mongolian gerbils we do not know the temperatures (or other factors driving heat 520 balance such as solar radiation) that are routinely experienced by lactating females in the wild. 521
However, ambient temperature and radiation conditions during summer, when they breed, 522 probably osscilate each day between conditions where heat would impose a limit, and 523 temperatures where peripheral limits would be more significant -making it difficult without hard 524 data to judge which factor is most significant. Collecting data in the lab that define this transition 525 temperature in more species, and comparing the derived transition temperature to field data on 526 conditions experienced by lactating animals should be a future priority. 
